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Abstract
An EC funded MicroPyros project has permitted to develop the technologies to fabricate, assemble and command solid propellant microthrusters
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1rrays for thrusts of a few of milli Newtons The prototype built for space application has 100 individually addressed ∅ 1.5 mm × 1.5 mm thrusters
n 576 mm2. Nozzles’ throats are 250m and 500m. This paper reviews the prototype structure and details the final processes for the fabrication
nd assembling. This paper presents also a new addressing technology based on polysilicon threshold elements used for the addressing and heating
f each thruster in the array. With polysilicon threshold element, ignition success is of 100% with an input power of 250 mW using a zirconium
erchlorate potassium (ZPP) material. Then, the combustion of a glycidyle azide polymer (GAP) is sustained in the chamber and generate thrusts
n the range of 0.3–2.3 mN depending of the micronozzle dimension.
eywords: MEMS; Microthruster; Microfabrication; Electrical addressing
. Introduction
The growing interest in using microspacecraft in space indus-
ry and governmental agencies is now established. The con-
traints of mass, dimension, power and cost with microspace-
raft arise several challenges to choose the right system and the
est technology to fabricate the satellite’s subsystems. One of
hese is the micropropulsion module to compensate the forces
cting on the satellite, to realize the orbital manoeuvring and for
he satellite attitude control. The precise requirements in terms
f delta-V depend on the mission. For many low cost missions
s earth observation or science experiment, not only are thrust
evel and precision requirements important for the choice of the
ropulsion option, but also the mass, power and the reliability
ill greatly influence the choice. The rules can be summarized
imply as:
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- The smallest and lightest will be the best.
- The power consumption must be reduced to its minimum.
- The reliability must be maximum.
In this context, solid chemical micropropulsion could repre-
sent a very interesting option for station keeping applications,
some orbital manoeuvres or mechanical deployment, especially
where low cost and low power consumption are key specifica-
tions. The concept and the technology for the fabrication of solid
chemical microthrusters are very simple: a solid energetic mate-
rial stored in a micro machined reservoir burns and the gases of
combustion are accelerated through an adapted nozzle to pro-
duce a thrust. The system is flexible and could have a great
potential for application in the space industry: the number of
thrusters can be adapted to the number of time the propulsion
system will have to be used in a specific mission while the size of
the individual thruster can be tuned to obtain the required thrust
force. Given these above reasons, solid chemical micropropul-
sion devices have been developed within research laboratories
in Europe, USA and Asia and will be overviewed in Section 2.
In Europe, the Micropyros project, born from the collabora-
tion between the LAAS,1 IMT,2 IMTEK,3 SIC,4 ASTC,5 and
LACROIX and funded by the European Commission (IST-99-
29047), proposed to develop a module of 10 × 10 addressed
microthrusters capable of generating thrust in the range of mN s.
More precisely, within Micropyros: MEMS-based robust and
reliable fabrication technologies have been developed and vali-
dated for the realization of each part of the propulsion module.
A polysilicon based addressing technology has been also devel-
oped to address and ignite individually each thruster. A portable
electronic circuitry has been implemented to control the igni-
tion. A full designing package has been developed to predict
ignition, thrust and thermal crosstalk. Finally, characterization
means including an ignition test bench, a thrust balance and a
thrust vector misalignment have been set up.
The focus of this paper is to review the design and present
the technologies used for the fabrication and assembling of the
10 × 10 addressed thrusters. The other points (modelling, elec-
tronic development and experimentations) have been or will be
reported elsewhere [1–3].
2. State-of-the-art of solid chemical propulsion
LAAS has initiated the solid propellant micropropulsion con-
cept in 1998 [4] by proposing arrays of one shot microthrusters
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unstable and difficult to control, that is why other teams as
Micropyros one have preferred the use of propellants.
2. Ignition location: back side or front side (gas release side).
The front side ignition is the best way to have a well-
established combustion process. But it requires the avail-
ability of a technology that allows the production of heating
resistors on dielectric membranes, sufficiently robust to with-
stand the filling pressure, but also sufficiently thin to break
rapidly when pressure increases [8,10,11]. Some teams find
other ways as inserting wires in slots to ignite on the front
side without membranes [6].
3. The size of each thruster and the density. The size depends
on the targeted performances and applications: for example,
in attitude control, the required thrust impulses are around
10−6 N s to 10−5 N s [5,7,9,13], whereas position mainte-
nance and orbital maneuvers will require more powerful
impulses, on the order of 10−5 N s to 10−3 N s [6,8,10,11].
4. The addressing technology. The one shot characteristic
(therefore consumable) of each thruster can be compen-
sated by the realization of arrays of individually addressable
microthrusters that can be fired when needed. 2D address-
ing reveals technological challenges especially when high
integration level is targeted. Most consists of non addressed
matrixes [9–13] or stacked thrusters vectors [6] requiring the
same number of electrical connexions than the number of
thrusters thus limiting its application. More integrated tech-
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2n a three-layer sandwich configuration, electrically ignited for
N s impulses applications. A few months later, an American
eam made of TRW, Aerospace and Caltech published a sim-
lar micropropulsion approach “Digital Micropropulsion” [5]
argeting impulses below 1 mN s. In 2004, a team from Singa-
ore [6] presented a solid propellant microthruster technology
ll fabricated in a silicon wafer to produce 0.1 mN s. Since 1998,
umerous papers on solid propellant micropropulsion have been
ublished [7–13]. They are all based on the same principle: one
olid energetic material stored in a chamber is heated up by
eans of an igniter until its ignition temperature is reached.
s soon as the ignition energy and temperature are reached, the
ombustion starts and propagates itself through the material con-
ained in the chamber. The hot gas generated by the combustion
s then accelerated through the nozzle. The diverging part of the
ozzle enables to guide the gas flow and accelerate it at the exit.
hey can be differentiated on four main points:
. The type of energetic material. A couple of teams [5,7] use
explosive that ensures a chemical reaction even at very tiny
sizes (reservoir diameter <600m). But their reaction is
1 Laboratoire d’Analyse et d’Architecture des Syste`mes, Centre National de
a Recherche Scientifique, Toulouse, France, http://www.laas.fr/.
2 Institute of Microtechnology, University of Neuchaˆtel, Neuchaˆtel, Switzer-
and, http://www.unine.ch/imt/.
3 Institute of Microsystem Technology, The Albert-Ludwigs University
reiburg, Freiburg, Germany, http://www.uni-freiburg.de/.
4 Instrumentation and Communication Systems, University of Barcelona,
arcelona, Spain, http://www.ub.es/.
5 Center for Advanced Microengineering, Uppsala University, Uppsala, Swe-
en, http://www.astc.material.uu.se/.nologies based on silicon nitride micro bridge and CMOS
transistor have been proposed in [7] and the integration of
silicon PN diodes have been also proposed in [8].
Micropyros propulsion module consists of a 2D addressed
rray of 100 1.5 mm × 1.5 mm solid propellant microthrusters
n a 576 mm2 chip area. Each microthruster has been designed
o produce impulse of a few mN s. The heating and addressing
lements are located at the topside of each thruster and on a thin
embrane ensuring a low ignition power.
. Review of the design, materials and technologies’
hoices
.1. Architecture and dimension
A solid propellant thruster is in general composed of a com-
ustion chamber, an igniter and a nozzle. For the design, two
ifferent approaches are possible: the so-called planar and ver-
ical design (cf. Fig. 1).
The vertical approach consists of a stack of several wafers
o build the thruster geometry whereas the planar one contains
ll the thruster’s parts (nozzle, igniter and chamber) in the same
afer. In the planar design, any thruster and nozzle shapes can
e realized in one micromachining step. However, the vertical
esign is more suitable for the realization of arrays of thrusters.
n the planar approach, individual lines of thrusters would have
o be stacked together to obtain a two dimensional arrays and the
ntegration of the electronic components, such as diodes, would
e more complicated for the realization of dense arrays. For
hese reasons, a vertical approach was chosen for the design. It
Fig. 1. Schematic view of the (a) planar and (b) vertical thruster design.
consists of four parts (see Fig. 2). The first silicon layer contains
the micronozzles. The second silicon layer holds the igniters
and addressing elements. The third layer, in photoetchable glass
or silicon, holds the propellant reservoirs. A fourth Pyrex layer
seals the device. An intermediary chamber can be added between
the igniter and the propellant reservoir to have a reliable opera-
tion.
A high density of integration is ideally desired for the entire
propulsion system. However, limitations appear when scaling
down the dimensions due to the thermal crosstalk and combus-
tion considerations. Most propellants, even doped with metallic
charges, do not have reliable combustion below the mm2 due
to thermal losses [14]. For nanosat station keeping or de-orbit
application, a previous evaluation of the thrust and total impulse
has led to the design of thrusters with chamber section over the
mm2 [15]. Based on these considerations and supported by sim-
ulations performed at IMTEK [16], the chamber section of each
thruster is of 1.5 mm × 1.5 mm (circular design is also possi-
ble) and the width of the nozzle throat has been calculated to be
250m and 500m, for a resulting impulse bit force of a few
mN s. The pitch between two thrusters is of 2.25 mm. For silicon
reservoir, the pitch is of 2.5 mm to include air groove for thermal
insulation. The electronic control module is placed underneath
the thruster array.
3.2. Choice of the energetic material
The choice of the energetic material influences greatly the
design options and particularly the critical combustion dimen-
sions. Two options are possible: either the use of available “safe”
fairly insensitive materials such as homogenous or composite
propellant, or the use of class 1:1 materials that are highly sen-
sitive and energetic. Micropyros team has preferred the use of
propellants (composite one) for three main reasons:
1. These materials sustain a stable combustion originating from
an oxidation-reduction reaction when a surface has reached
its ignition temperature (Ti). Rates of self-sustained combus-
tion in these materials are relatively low, of the order of a few
millimetres to a few centimetres per second as a linear phe-
nomenon. Deflagration is only possible under very particular
environmental conditions (very strong confinement and high
energy input), that are impossible in small volume.
nsions
3Fig. 2. Schematic view and dime of Micropyros thrusters’ shape.
2. They release a very large quantity of gas at high temperature
that makes them particularly attractive for propulsion. The
variety of ”of the shelf” propellants is very large (homoge-
nous, simple base, double base, composite), and materials
more or less adapted to the constraints of targeted appli-
cations can be formulated by adding metallic charges or
changing the binder type [17–19].
3. Composite propellants have viscous physical appearance
before reticulation and a solid appearance after so that a silk
screen printing method can be used to deposit and fill a small
cavity [20].
For Micropyros thrusters, two different propellants have been
chosen: the first one is a composite propellant made with a
glycidyle azide polymer mixed with ammonium perchlorate
and doped with zirconium particles (called GAP in the rest
of the paper). GAP is contained in the reservoir part. A more
sensitive and energetic substance, zirconium perchlorate potas-
sium (called ZPP), has been also formulated and is used in the
igniter part to lower the ignition energy and have a reliable
ignition.
3.3. Choice of the structural materials and technologies of
fabrication
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Fig. 3. Symbol, equivalent electric schema and characteristic I(V) of an elemen-
tary addressing element.
and thermally unstable for their application in the fabrication of
an integrated array of microthrusters [18]. Therefore, the pro-
cessing was mainly performed on silicon and glass (Foturan)
wafers, with, respectively, the advantages of a high melting point
and of a low thermal conductivity, to benefit from the know-how
related to the silicon technology and to ease the integration of
the electronics components necessary for the addressing of the
individual thrusters in the array.
3.4. Choice of the addressing technology
We have chosen an addressing principle based on the use of
polysilicon symmetrical thresholds elements for two main rea-
sons. It permits to realize the heating and addressing functions in
a single layer of polysilicon. It also permits the realization of an
addressable array of heating elements with a simple process and
can be implemented on bulk silicon and on suspended dielec-
tric membrane. Fig. 3 gives the symbol, the equivalent electric
components and its electrical characteristic.
VThreshold is the threshold voltage of an elementary thruster.
Each symmetrical threshold element consists of several Zener
polysilicon diodes (P+/N+) in series as shown in Fig. 4.
The symmetry of the threshold element (cf. Fig. 3) does not
permit to distinguish a forward or reverse electrical behaviour.
But, we distinguish a “blocked state” (ISTE ≈ ISat) for a volt-
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4The chosen application and the vertical design approach
nvolve technological challenges of different natures. Different
arts have to be assembled together to form the complete thruster
tructure. These parts have to be compatible with the filling
nd bonding procedures and the interconnections to the external
riving circuitry. Moreover, the whole device will be submitted
o relatively large variations of temperature when operating in
pace. Therefore, the materials were evaluated based on their
hermal and mechanical properties. Different materials such as
ilicon (monocrystalline, porous), glass (Pyrex, quartz, Fotu-
an), ceramics and polymers were considered. A summary of
he advantages and disadvantages related to some of these mate-
ials is presented in Table 1.
One main disadvantage of ceramic materials is the difficulty
n the integration of electronic components. Polymers are a pos-
ible candidate to make a single shot thruster but mechanically
able 1
dvantages and disadvantages of different materials considered for the fabricat
icromachining technology Advantages
ilicon
Bulk micromachining Well known techn
Surface micromachining CMOS compatibl
High melting poin
eramic
Dry etching Low thermal cond
Injection molding
lass
Wet etching Low thermal cond
Dry etchingge lower than |VThreshold| and a “conductive state” for a
oltage greater than |VThreshold|. In the conductive state, the
uasi-linear variation of the current with the voltage can be
odelled by a serial resistance called “RS”. VThreshold can be
micropyrotechnical systems
Disadvantages
High thermal conductivity
ity Difficult to integrate electrical components
ity Low melting point (Pyrex, Foturan)
Limited 3D machining
Fig. 4. Elementary symmetrical threshold elements cross-section and its electric
schematic.
adjusted to a lower value by reducing the number of polysili-
con diodes or increasing the doping level of the N+ implanted
zone.
For the ignition, we exploit the thermal dissipation gener-
ated by the current passing through the Zener polysilicon diodes
and in the resistive part (RS). Therefore, addressing an array of
heaters with symmetrical threshold elements is based on the dif-
ference between VThreshold and 3 ×VThreshold instead of on an
absolute value of VThreshold. Any modification in the VThreshold
value induces a proportional evolution of all the others guaran-
tying the functionality of the addressing even if the range of the
applied voltage is changed. Therefore, with this technology, the
most important parameter is the good homogeneity of VThreshold
in the array, and not the VThreshold absolute value.
The parasitic circuit can be modelled as three groups (G1, G2,
G3) of symmetrical threshold elements in series. The G1 group
is constituted by all the cells of the same line as the selected one.
The G3 group is constituted by all the other cells of the selected
row. The others cells (other lines, and other rows) are the G2
group. As there are three groups in series, between VThreshold
and 3 ×VThreshold, the parasitic current is reduced (cf. graph
of Fig. 5) and 99.9% of the applied power is dissipated in the
selected thruster.
4. Review of the fabrication processes
4.1. The matrix of addressable heating elements
A 4 in. 350m thick silicon wafer is thermally oxidized.
Then, the wafer is coated with silicon rich low pressure chemical
vapor deposition (LPCVD) nitride. The resulting thickness is of
2m. In a third step, a layer of 0.5m of polysilicon is deposited
by LPCVD at 605 ◦C. This polysilicon film is doped N+ by
an arsenic implantation (ND = 5.1018 cm−3 ⇒R = 500 /).
Then, the polysilicon film is etched by reactive ion etching
(RIE) to pattern the igniter’s shape. The film is doped P++ by
a Boron implantation (NA = 1.1020 cm−3 ⇒R = 30 /) only
on selected parts with a photoresist mask (cf. Fig. 6a). This
P++ implantation permits to create the N+/P++ junctions. The
selected heater zone is then protected by a PECVD oxide and the
non protected polysilicon zone is then heavy doped by diffusion
of phosphorus (ND > 1021 cm−3 ⇒R = 20 /). Next steps are
the deposition of a passivation layer (SiO2), the contact opening
and the Al metallization. Final step is the back side deep reactive
ion etching (DRIE) to liberate the membrane. The process steps
are summarized in Fig. 6b.
Several arrays have been thus processed. Fig. 7 gives pho-
tos of realizations: (a) is an elementary polysilicon threshold
element, (b) is a back side view of nine cells where we can dis-
tinguish the polysilicon element by transparency and (c) is a
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he part of the applied current flowing through the selected thruster. Iparasitic is the
′
Threshold is the threshold voltage of the parasitic circuit (non selected thruster)hoto of the entire array of 100 elements where 40 contacts are
isible (only 20 are used).
.2. The chambers matrix
Two chambers materials have been considered to serve as
ropellant tank: silicon and Foturan. On one hand, the main
dvantages of using silicon lie in the existence of highly devel-
ped and controlled fabrication processes and in its high melting
oint. Moreover, the realization of the microthrusters parts using
nly silicon would minimize the thermal expansion mismatch
etween the materials. On the other hand, Foturan offers a lower
eat conductivity that can result in a better thermal insulation
etween the chambers, which could be of importance when con-
the complete array.Vapply is the applied voltage to the complete array. Iactuation is
f the applied current lost in the non selected thrusters. Iapply = Iactuation + Iparasitic.
reshold = 3 ×VThreshold.
Fig. 6. (a) Layout of one threshold element. (b) Addressed igniters’ array main
process steps.
sidering the thermal crosstalk between a single thruster and its
closest neighbours [8].
4.2.1. Silicon chambers
The silicon chambers are realized by deep reactive ion etch-
ing of silicon, using the Multiplex ICP (ASE HR) with the Bosch
process [21] from Surface Technology Systems (STS). Cham-
bers with an area of 1.5 mm × 1.5 mm are etched through in
525m and 1 mm thick double side polished silicon wafers. A
thick thermal oxide and a thick photoresist are used as mask.
In the case of 1 mm-thick wafers, they are etched in two steps.
A double side photolithography is used to pattern both the top
and backside of the wafer. First, from the topside, the silicon
wafer is etched to about 575m deep. Then the wafer was
turned over and the silicon wafer was etched through from the
backside. Since a complete combustion could not be obtained
(see Section 5.3) using chambers separated by 1 mm-thick sil-
icon walls, thermal insulating grooves were also implemented
to decrease the heat loss paths and evaluate their effect on the
thermal crosstalk between neighbouring cells during the propel-
lant combustion. The width of the grooves was of 250m and
500m with, respectively, 100m and 50m wide Si arms
holding the different chambers together (Fig. 8).
Due to the aspect ratio dependent etching rates of DRIE [22],
a special mask design is used to through-etch the narrow grooves
without over etching the wide chambers. It consists of etching
the perimeter of the structures with a trench. When the etch-
ing reaches the bottom of the wafer, the chamber middle piece
becomes separated from the bulk of the wafer, as illustrated
in Fig. 9. Since the trench width corresponds to the insulating
grooves dimension, all structures are etched at the same rate and
no significant over etching is noticed.
Arrays of chambers were etched in 1 mm-thick silicon wafers
using the described double side DRIE process (Fig. 10). Anodic
bonding of a 300m thick Pyrex wafer was used to seal the
chambers on one side. Another way of proceeding to avoid any
silicon interconnections between the chambers walls would have
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6een to anodically bond the Pyrex wafer on the silicon and etch
he silicon wafer afterwards.
.2.2. Foturan chambers
Foturan is a photostructurable glass from Schott that can
e anisotropically wet etched. The Foturan wafers used were
mm-thick and each fabricated chambers covered an area of
.5 mm × 1.5 mm. The glass was exposed to UV light through
n aluminium thin film mask in which the structures were pre-
iously patterned. After the removal of the aluminium layer, a
eat development step was performed using temperature ramps
ith plateaus at 510 ◦C and 595 ◦C. During this heating step, the
xposed glass crystallized around the silver atoms whereas the
nexposed parts stayed in their glassy form. Finally, the etch-
ng of the exposed areas, which presented an etch rate about
0 times higher than that of the vitreous region, was done in
10% solution of hydrofluoric acid at room temperature using
n ultrasonic bath. When making chambers closed on one side,
he etched cavities had a non uniform profile at the bottom and
ariable thicknesses, even though the surface to be etched faced
he bottom of ultrasonic bath to help the evacuation of the etched
aterial. Therefore, through-wafer holes were etched from the
op and backside of the glass wafer at the same time. The influ-
nce of the position of the wafer in the ultrasonic bath was
nvestigated and the evaluation of the results showed that differ-
nt wall profiles could be obtained. The topside is defined as the
ide that faced towards the lamp during the UV exposure. Arrays
f 100 chambers have been fabricated in 1 mm-thick Foturan
afers with the topside of the wafer placed upside down in the
ltrasonic bath to minimize the curvature of the walls and the
on uniform widening of the chamber dimensions (Fig. 11a).
Fig. 7. Photos of realizations: (a) elementary cell, (b) back side view of nine cells, (c) entire matrix topside view.
Fig. 8. Schematic view of the design of the chambers with the insulating grooves.
The widening of the structures could be compensated by an
appropriate mask design. The fabricated chambers exhibited a
negative wall profile with an angle of 2–3◦ as reported in [23] (i.e.
the chamber backside is larger than the topside, Fig. 11b). The
thickness of the wafer was also affected by the etching process; a
reduction of 100–150m of the wafer thickness was measured.
A polishing step should be performed to have reservoirs with a
reproducible volume of propellant. The optimization of the pro-
Fig. 9. Chambers and grooves etching principle: (a) the grooves and chambers outline are etched, (b) the wafer is through-etched and the silicon piece in the middle
of the chamber comes off.
F e gro
a
7ig. 10. Cross-section of 1.5 mm × 1.5 mm chambers with (a) the 500m-wid
nd sealed by the anodic bonding of a Pyrex wafer, (c) Top view of the chambers arraoves, (b) the 250m-wide grooves etched by DRIE in a 1 mm-thick Si wafer
y.
Fig. 11. (a) Photo of the Foturan chip, (b) SEM cross-sections of Foturan chambers made with the wafer with the UV exposed face up in the ultrasonic bath.
cess could include the control of the intensity of the UV light
exposure and the use of a laser instead of lamp or modified mask
patterns [24].
4.3. The nozzles matrix
The design of the nozzle consists of a cavity, a throat
and a diverging part (Fig. 2). The 50m deep cavity
(1.5 mm × 1.5 mm) prevents the membrane of the igniter to
touch the nozzle part when bending during the ignition pro-
cess. To develop the fabrication process, the target value for the
angle α has been set to 10◦. DRIE was investigated to etch holes
with inclined walls in silicon. The number of silicon etching
steps needed is reduced to two. Circular holes were dry etched
through a silicon wafer. Deep reactive ion etching of silicon,
using the Multiplex ICP (ASE HR) with the Bosch process from
Surface Technology Systems was used. A process was developed
to obtain walls with a negative angle to form the diverging part
of the nozzle. Then from the same side, the silicon wafer is wet
etched in KOH to structure the wide cavity. Finally, the wafer is
flipped over to obtain the final structure as in Fig. 2.
The description of the fabrication process is given in Fig. 12.
The sequence of the processing steps was chosen to avoid per-
forming a photolithography on a silicon wafer with three dimen-
sional structures. The process starts with the deposition of a
200 nm LPCVD silicon nitride on a 300m-thick double side
polished silicon wafer. The silicon nitride film is patterned on
the front side of the wafer and completely removed on the back-
side using reactive ion etching. The patterned silicon nitride film
corresponds to the area of silicon to be wet etched and will be
used later in the fabrication process to protect the silicon dur-
ing the growth of a silicon oxide masking layer. A 1m-thick
CVD silicon oxide film and a thick film photoresist (AZ-4562)
are used as a mask during the conic DRIE of the silicon wafer.
By varying different parameters during the DRIE process (see
Table 2), such as decreasing the gas flow and increasing the
power of the radio frequency coil and plate during the passiva-
tion cycles, modifying the time of the etching and passivation
cycles and finally using a mix of low and high frequencies, a
maximum angle of 4◦ was obtained. The angle is limited by
the Bosch process in itself and by the mask design. Indeed, by
inverting the mask polarity, the silicon plugs etched had walls
with higher angle values were obtained.
Once the diverging parts are etched in the silicon wafer and
the masking layers removed, a thick silicon oxide film is ther-
mally grown. After the etching of the silicon nitride film using
nozz
T
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8Fig. 12. Schematic description of the fabrication process of the
able 2
ariation of the DRIE process parameters investigated to obtain negative conic
F6 (sccm) O2 (sccm) C4F8 (sccm) Pressure (mTorr)
00–300 10 80–150 5–35le part which includes two silicon bulk micromachining steps.
(E = etching cycle, P = passivation cycle)
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Fig. 13. Cross-section of 1.5 mm × 1.5 mm nozzles with (a) a 500m-wide throat, (b) a 250m throat etched by DRIE in a 300m thick Si wafer; the 50m-deep
cavity was realized using KOH etching, (c) top view of the nozzles array.
reactive ion etching, the silicon oxide film is used as a protection
during the wet chemical etching of silicon in a KOH solution
(40%, 60 ◦C) to form the cavity used as a gap between the throat
of the nozzle and the igniter membrane. Finally, the nozzle fab-
rication is completed by the etching of the silicon oxide left in a
BHF solution. Fig. 13 presents the pictures of nozzles with two
different throat diameters and of the nozzles array.
Other ways to fabricate the nozzle part using DRIE could be to
reflow the photoresist to obtain a mask with a thickness gradient
or to isotropicaly dry etch the silicon wafer to underetch the
masking layer [25]. Micro-electro-discharge micromachining of
silicon, laser etching of glass and inclined UV lithography on
SU-8 are some microfabrication techniques that could be applied
to fabricate a nozzle throat with the specified angle [26].
4.4. The assembling procedure
Because of the simplicity of the process and the propellant
contamination of the surface after filling, adhesive bonding was
preferred for the assembling process. A rigorous procedure using
a FLIP-CHIP machine has been set up and permits to align each
part at 10m.
First step concerns the preparation of the chamber part, part
A of Fig. 14. When the chamber material is silicon, a Pyrex seal
wafer is anodically bonded to the chamber wafer to receive the
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The intermediary chamber is then glued to the filled part A
with the same procedure. Finally, the two wafers stacks are again
bonded together by thermal epoxy (H 70 E, Polytec). Between
each step using the H70E epoxy glue, a cure at 60 ◦C permits the
reticulation. After reticulation the H70E epoxy glue can endure
±100 ◦C with a no significant expansion and can be use in high
vacuum (10−7 Torr) with no outgassing.
5. The validation tests
In this section, we present test results that validate the design,
the technological choices and the fabrication processes. They
include three points:
1. the validation of the addressing to be sure that only the desired
thruster is ignited on the order of electronic,
2. the ignition validation by determining the power consump-
tion and reliability,
3. the combustion validation to confirm that the combustion of
the triggered thruster is sustained until the end of the reservoir
and does not ignite the first level of neighbours.
The completed experimentation procedures and results have
been already reported [1].
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9ropellant. When the chamber material is Foturan, the Pyrex seal
afer is glued to the chamber wafer with an UV sensitive poly-
er (NOA 88, Norland) before receiving the propellant. The UV
lue is spun-on the seal wafer. In a second step, the nozzle part
s bonded to the igniter part by a thermal epoxy (H70E, Poly-
ec) to form what called in Fig. 14, part B. The epoxy glue is
eposited on the wafer between each thruster using an automatic
ispensing machine that can be programmed to have the required
lue thickness and width. Then, the parts A and B are filled
ith solid energetic material independently using a screen print-
ng technique [20]. The injection technique principle is derived
rom a high accurate deposition process developed for micro-
lectronic board industry. This technology takes a dynamic new
pproach to the application of solder paste for manufacturing
re-placement. The igniter and chambers’ cavities are emptied
rom its air just before filling with propellant to ensure a good
hermal contact between the propellant and the igniter’s mem-
rane (see Fig. 14)..1. The addressing validation
Experiments have shown that each symmetrical threshold ele-
ent could be actuated individually. Fig. 15 presents the I(V)
nd P(V) characteristics of 17 symmetrical threshold elements
ispersed in the array. These measurements show an excellent
eproducibility of VThreshold in the same array. The dispersion
isible on theRS value is principally due to the resistance through
ines and rows of the farthest cells in the arrays. Considering four
rrays realized from the same wafer, the I(V) characteristics are
ery close: the dispersion on the VThreshold and the RS values
re less than 2%. Considering several wafers from the same run,
ispersion on the VThreshold and the RS values rises up to 10%
nd 5%, respectively. This is due to the lack of reproducibil-
ty of the polysilicon structure. However, the most important
arameter for the good functionality of the addressing being the
ood homogeneity of VThreshold in the array, the dispersion of
Threshold and RS is not really a problem for us.
Fig. 14. Schematic view of the assembling procedure.
VThreshold can be adjusted to a lower value by reducing the
number of P+ zones or also increase the doping of the N+ implant
zone.
Before filling the igniters’ array with the ZPP, thermal tests
have been performed using a infrared camera. Individual cells
have been powered with 350 mW. Fig. 16a shows that the hot
zone is well localized on the powered cell. Neighbours are non
active as it can be noted on the partial view of the array (only
6 × 6 cells viewable). The Fig. 16b shows that the active polysil-
icon implanted zone (represented by the white rectangle) does
not have the same emissivity as the rest of the polysilicon zone
constituted of phosphorous diffused polysilicon. So, the con-
trast given by infrared measurements cannot be easily correlated
to a thermal contrast. However, this infrared view permits to
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Table 3
GAP combustion rate as function of the material used for the reservoir and measured thrust range
Chamber’s material Silicon with 250m grooves Silicon with 500m grooves Foturan
Mean burning rate (mm/s) (1.3–0) Combustion not sustained 2.1 ± 0.7 2.8 ± 0.7
Thrust – – 0.3–2.3 mN
affirm that the localized junction’s zones contribute to the global
heating.
5.2. The ignition tests
Several arrays of thrusters have been filled with propellants
and assembled, following the procedure of Fig. 14. The mea-
sured ignition energy using addressing polysilicon elements is of
27–48 mJ. This is the double of the ignition energy for the same
material with non addressed a polysilicon heater [1]. Without the
intermediary chamber between the igniter and chamber, ignition
rate are very low: <3%. The main ignition cause of failure is the
too early rupture of the membrane. When the pyrotechnical sub-
stance in contact with the resistor begins to heat (even below its
ignition temperature), gases are released breaking the membrane
before ignition is sustained. Adding an intermediary volume of
air permits to absorb the overpressure between the membrane
and the non ignited propellant. Even if this element presents the
disadvantages to heavy the device and add one step in the assem-
bling process, it permits to improve greatly the ignition success
that reaches 100%.
5.3. The combustion tests
When silicon is used for the chamber without adding insu-
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the propellant reservoirs. An intermediary silicon chamber is
added between the igniter part and the propellant: it permits to
reach 100% of ignition success and a reliable flame transition
between the igniter to the propellant contained in the chamber
(100% of success).
The paper reviewed the fabrication process for each part of the
device and detailed the thrusters’ addressing technology based
on the realization of arrays of polysilicon threshold elements.
The fabrication process based on robust MEMS technologies
have been developed and validated. The assembling is based
on a gluing method. A rigorous procedure using a FLIP-CHIP
machine has been set up and permits to align each part with a pre-
cision of 10m. Two different safe energetic materials have been
chosen: a sensitive and energetic substance, ZPP, has been used
in the igniter part to lower the ignition energy. Power required
for each addressing and ignition is of 250 mW which is fairly
low. A GAP based propellant is used for the chamber. The lim-
itation of this propellant is its limiting operating sizes which
is about Ø 800m–1 mm. Indeed, for a section of combustion
lower than 1 mm2, the combustion does not sustain. That is why
a new recent trend is to develop new materials with « tailored
» performances: not very sensitive to shocks and friction, but
containing sufficient energy to support combustion despite very
small dimensions. No doubt this is the way that will be followed
for applications in the future.
To conclude, the Micropyros fabrication processes quality
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11ation grooves between each thruster, the heat generated by the
ombustion of the propellant ignites its first neighbours and then
earby close neighbours as close neighbours, it is propagated to
ll the thrusters. For silicon with the air grooves of 250m, the
ropellant combustion starts, sustains a little, then stops in the
eservoir before its entire completion. For grooves of 500m,
ombustion propagates in the entire chamber and no undesired
eighbours ignition occurs. Tests with Foturan chamber, showed
hat the GAP burns at a constant rate in the entire chamber. Burn-
ng rates are reported in Table 3. Results showed that, due to its
ery low thermal conductivity, Foturan is the best material for the
ealization of combustion chamber. Table 2 also gives the mea-
ured thrust range for thruster with Foturan chamber. 0.3 mN
nd 1.3 mN correspond to the thrust values for thruster without
ozzle and with a Ø 250m throat nozzle, respectively.
. Conclusion
In this paper, we have reported the final achievements of
icropyros project concerning the technological development.
n array of 100 addressed microthrusters have been successfully
abricated, assembled and tested. It contains three main micro-
achined layers: the first silicon layer contains the micronoz-
les; the second silicon layer holds the addressing and heating
lements; the third layer, in photoetchable glass or silicon, holdsas been validated for any future solid chemical propulsion sys-
em having the following range of dimensions: chamber diam-
ter or width in the range of 1–5 mm and length in the range of
–5 mm. The addressing technology has been demonstrated for
100 elements array but can be implemented for any dimen-
ional arrays, the limitation being the size of the silicon wafer
sed for the fabrication.
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